Introduction 40 41
Soil has been defined as a zone of microbial life, a substratum for green plants, and a habitat 42 for animals. Soil classification schemes have been developed due to the succession of soil 43 layers with increasing depth, which have been characterized by chemical, physical and 44 microbial properties. The competence of geology starts at the depth where soil life ends, 45 which is clear in case of underlying rocks, but it is an important definition for underlying 46 porous sediments. 47 48 1.1 Soil fertility 49
In the past, major subjects of agricultural research aimed at soil fertility increases by 50 optimization of the N-and P-supply to arable crops, and at the prevention of substantial 51 losses of nitrate, ammonium, and phosphate to the groundwater and to surface waters. In 52 recent years, degradation of the organic carbon pool due to continuous mineral fertilization 53
and growing crops of low root biomass, has attracted increased attention worldwide, such as 54
in these processes. Below the zone of soil live, nutrients are not needed, and thus remain. In 61 addition, adsorption or degradation of contaminants in aquifers is low. In general, recycling of 62 organic wastes by application to soils has caused concerns about impacts on groundwater 63 quality. In order to achieve nutrient cycling within agriculture, losses to groundwater, potable 64 water and surface waters should be avoided (Sager 2013 Soil organic carbon is the largest terrestrial active sink for atmospheric carbon, and serves as 68 an indicator for water retention, physical stability, and retention of nutrients and essential 69 micro-elements. Soil organic and adequate humidity are pre-conditions of microbial life, 70 which governs the major reactions in the N and P-cycles. Increase in organic carbon stocks 71 can be achieved from changes in tillage like covering bare soil or return of crop residues, use 72 of composts and manures as fertilizers, and erosion control. After 30 years of field trials at 73
Seehausen (Germany), organic fertilization significantly enhanced soil biological activities, 74 like soil enzymes and abundance of soil organisms, increase in macropores, and decrease of 75 density (Hülsbergen 2011) . 76
Carbon can be added via compost, manure, sewage sludge, and urban biowaste. Whereas in 77 some regions, consequent mineral fertilization of arable land and the end of keeping domestic 78 animals, has gradually depleted organic carbon and thus soil life, the number of domestic 79 animals kept in regions of permanent grassland has steadily increased, and thus the amount of 80 manure produced there. The potential of compost production in these regions, however, is low 81 because the pasture plants are largely fed to the animals. Manure can be used as an organic 82 fertilizer without further treatment, but long-range transport is not economical. 83 84 1.4 Sewage sludge addition to soils 85
At first, sewage sludge was regarded as a source of nutrients applied to the soil. Later it was 86 recognized that appreciable metal loads contributed to contamination, and simultaneous 87 addition of organic matter with plenty of microbial life changed soil characteristics and 88 groundwater formation processes. Beneath changes in redox potential and pH, this leads to 89 changes in mobilities in the respective soil column and percolate composition, as well as 90 changes in mobilities obtained by selective leaching methods in the batch mode. Contrary to 91 mobile fractions obtained in batch mode, microbial life is still going on, and chemical 92 equilibrium can be achieved only in each differential layer, but not across the entire column. 93 This is more close to conditions encountered in nature, but much more work also. 94
When stabilized sewage sludge was added to columns of coarse sand, medium sand, or coal 95 fly ash, and washout was performed with water equivalent to heavy rainfall, breakthrough of 96 nitrate as a conservative tracer occurred within 1 day. Ammonium retardation was 2 times, 97 retardation of organic nitrogen compounds was 1,5 times more than retardation of nitrate. 98
Whereas sewage sludge phosphate was almost completely recovered in the eluates, release of 99 metals was largely below 1% of added amounts within 30 days, and stabilized at a constant 100 low but measurable level (Łuckiewicz 2006 The novelty of the column experiments in the lab with a similar soil, which is presented in 205 this work, was to investigate the effect of the addition of FeCl 2 to fix the H 2 S during biogas 206 production from manures, to indicate mobility changes in the solid, and to extend the 207 spectrum of investigated elements to others than C, N, P, K, and Na. A second item is to test 208 the difference between biogas manure application at an untreated site, compared with a 209 sludge-pretreated site of the similar soil. 210
The scope of this work has been to investigate possible changes of migration of substances 211 applied as biogas residues, from long term sludge application, as well as the effect of added 212 divalent iron salts to precipitate pyrite in the biogas residues, on P and trace element 213 mobilities as well as nitrification reactions. Mobile fractions in soil column slices obtained 214 after the experiment should monitor mobile phases and the downward migration of added P, 215
Fe and others in the soil profile. 216 217 218 2. Material and methods 219 220
In order to address the problem of long-term changes of permanent grassland soils by long-221 time disposal of sewage sludge, two originally similar soils were sampled at 2 horizons from 222 adjacent sites at the experimental station at Gumpenstein (Styria, Austria), which means 4 223 solid samples from 2 soils. They are of a non-carbonaceous cambisol type, consisting of an 224
A-horizon of 20 cm and an AB-horizon 20-60 cm, which is quite common within the entire 225
Ennstal alpine region, and makes 19% of the soils of the entire province of Styria. One 226 permanent grassland-site had been fertilized with urban sewage sludge at 7,5t/ha for 10 years, 227 and therefore will be called the "high P" (P+ site), whereas the other had got no treatment and 228 SOIL Discuss., doi:10.5194/soil-2016-44, 2016 Manuscript under review for journal SOIL Published: 1 August 2016 c Author(s) 2016. CC-BY 3.0 License. 7 will be called "low P" (P-site). The P-site had still enough organic carbon (classified as 229 medium humics level) to ensure adequate microbial life. Soils from the same site like used in 230 this work have been filled into field lysimeters already in 1991, and used for the investigation 231 of nutrient losses below bare land and grassland under field conditions, after manure 232 application (Eder 1997 , Eder 1999 ). 233
For the column experiment presented in this work, plexiglass cylinders of 60 cm length and 234 12,6 cm diameter (125 cm²) were mounted in plastic Buechner funnels and closed with a 235 nylon gauze at the bottom. The soil samples were air-dried, homogenized, and sieved <5 mm. 236
The columns were filled with 22 cm soil from the AB-horizons, and then with 16,5 cm of the 237 A-horizons, and wettened from top to bottom for 7 days to reach field capacity. After sacking, 238 the column length before addition of the biogas residue was 35 cm. 239
The biogas manure had been produced from maize silage (25 t/d) and pig manure (20 m³/d) 240
by anaerobic fermentation in the dark for 60 days. The amount of FeCl 2 added during the 241 anaerobic fermentation biogas formation process was done to reach a level of 1000 mg Fe/L, 242 which has been regarded to be at optimum for CH 4 production. 243
After rewetting, 49 ml of biogas residue slurry were added on top the soil columns, and mixed 244 into the 2-3 cm surface layer, equivalent to 1½ livestock units. The controls got just the same 245 amount of water. Then the columns were covered with quartz sand to homogenize the added 246 water across the entire surface, and kept in a dark room at 19-21°C. All column experiments 247 were done in triplicate, which made 18 columns in total. 187 eluate solutions have been 248
analyzed, taken within 49 days. Some parameters were measured till day 65. 249 120 ml of de-ionized water were added 2 times a week on top, which resembles the average 250 natural precipitation of 1000mm on site (inner Alpine area), and the eluates sampled. The 251 evaporation was 1,1-1,2 g per collection vessel. The water content inside the columns was 252 measured by a TDR-probe. The column experiments were performed during 8 weeks to 253 simulate an average growth period of pasture between cuts (Unterfrauner 2009) (Fig 1) . 254
After the experiment, the soil columns were sliced and the profile investigated according to 255
Austrian The two grassland soils, which have been samples just a few meters apart, but treated in 288 different ways, showed significant differences in fundamental classical parameters (table 2),  289 as well in else mobile fractions and aqua regia (table 3) . 290
Application of urban sewage sludge at 7,5t/ha annually for 10 years, increased organic 291 substance and mobile nutrients in both horizons, due to standard methods of soil analysis 292 (table 2) . In particular, increase in water retention capacity, cation exchange capacity, 293 releasable nitrate, sulfate and chloride, and thus increase in electrical conductivity were noted. 294
To the contrary, carbonate and pH (KCl) decreased. The increase of K and P in all mobile soil 295 fractions investigated was paralleled by increases in Ba, Cd, Cr, Cu, Mn, Ni, Pb, V, Zn (in 296 alphabetical order). Data for the A-horizon are given in table 3 and data for the AB-horizon 297 are given in table 4. Changes of mobilities were most pronounced for K, which increased 298 about 100-fold in the saturation water extract, and 18-fold in LiCl extract. The release of 299 Table 5 shows the composition of the biogas manure, the mg of amounts added, and the mg of 332 amounts obtained in the eluates after 49 days (mean from 3 columns each). The latter has 333 been calculated as ml eluate times respective concentration, and summed up. After 49 days, a 334 total of 1320 ml water had been added (Fig. 1) , which was presumably close to one 335 exchangeable pore volume. The released amounts can be compared with the saturation water 336 extract given in tables 3 and 4, and were expected to be higher from the columns than by 337 batch extraction, like found previously (Sager 2002 and 2004) . Differences might appear due 338 to biological activities in the columns during 2 months of ambient temperature. Both soils 339 released more Ca, Mg, and Na from the columns than the respective water extracts obtained 340 from the A and the AB horizons, but clearly less P, Fe, Mn, and Cu. Shaking with 1M LiCl 341 clearly released much more. 342
Significant differences between the eluate concentrations obtained from untreated grassland 343 soil and the sludge-treated soils mainly for the nutrients nitrate, ammonia, K, P, and Na. Due 344 to the high pH encountered, release of Fe and Mn was marginal. Whereas in the untreated 345 grassland soil (the low nutrient sample), the pH increased and almost approached the value of 346 the manure, it decreased in the high nutrient sample. This also explains changes in release. 347
Addition of the untreated manure hardly changed the elution from the columns of the 348 untreated grassland. At the sludge-treated soil, manure addition resulted in more K, Na, and P 349 release, and less ammonium ( 
Phosphate 480 481
FeCl 2 added during the anaerobic fermentation biogas formation process at a level of 1000 mg 482
Fe/L has been regarded to be at optimum for CH 4 production, but its effects on mobile P was 483 low. Similarly, the output from the fertilized soil yielded about constant release of P from the 484 beginning, increased by manure application, and decreased by Fe addition. The release of P 485 from the unfertilized soil was close to detection limits for a long time, and had a lag time of 486 almost one pore volume (fig.4 ). Usually, P gets liberated from Fe-phosphates during 487 reduction, but anaerobic microorganisms have a large potential of P-uptake from Fe-oxides 488 and storage as well (Fleischer 1986 ). The re-oxidation of iron sulfides under aerobic 489 conditions might immobilize P, but also lead to acidification. 490
In case phytate has remained from maize additions, it may be important to know that Ca-491 phytate gets adsorbed at Fe-oxides (goethite) also, but P can be made available by bacteria 492 and plant phytases (Giles et al. 2012 ). 493
Sulfur 494
pH changes are due to S oxidation and nitrification reactions. Elution of sulfur-compounds 495 from the sludge-pretreated soil columns was significantly higher (fig.5 ). Slightly lowered 496 sulfur elution can be recognized after manure addition, presumably due to more reducing 497 conditions. Contrary to the assumptions that precipitation of FeS 2 would be effective, the 498 impact of Fe-additions was marginal. 499
Biogas residues are expected to contain 0,24 -1,08% S in dry mass (Sager 2007 ). In our case, 500 the utilized slurry had 95% water, which means max. 0,5 g S per litre, and this should 501 completely react with 1g of Fe(II) per litre. 502 
Zinc 540
Zinc was the only element, of which the output from the unfertilized soil was more than from 541 the fertilized one, though it contained less. Contrary to main mutrients, addition of both 542 manure and iron decreased Zn-mobility. Possible explanations are precipitations of ZnS, Zn-543 phosphates, or increased uptake by microbial biomass (fig.7) . 544
Copper 545
From the fertilized soil, release of Cu was much more than from the unfertilized counterpart. 546
Addition of Fe was contradictory, it lowered the release from the fertilized sample, but 547 increased the release from the unfertilized one. Like Zn, Cu might be precipitated as sulphide, Cu-phosphate, or taken by microbial biomass. The main difference between Cu and 549 Zn is that Cu is bound to humics much more strongly than Zn ( fig. 8) . 
Boron 585
With respect to the release of boron, concentration values close or below detection limits had 586
to be considered, and data below detection limit used for fig.9 had been set to zero. 587
Nevertheless, the cummulative output from the fertilized samples was slightly higher, and Fe 588 addition decreased B elution in both cases. 589 
Alkalis and alkaline earths 611
Like the release of K, also K/Na in the eluates was significantly higher from the fertilized 612 sample, but no clear effects of the treatments could be recognized within the observation 613 period, though a lot of Na was applied on top. The cumulative release of Ca was slightly more 614 from the fertilized sample, which can be explained by its lower soil pH (table 7) , whereas the 615 effects of the treatments were marginal. The Ca/Mg proportion moved in a constant range of 616 3,0-3,5 for the fertilized sample, but decreased steadily for the unfertilized one from 3,0-3,5 617 
Conclusions 630
If grassland soil has been treated with urban sewage sludge for several years, trace and 631 nutrient mobilities are significantly higher, in spite of higher organic carbon and presumable 632 soil life. Differences between the treatments were larger than differences between the 633 respective soil horizons, appearing for the nutrients N-P-K-S as expected, as well as for Cu, 634 Na, and Sr. There was substitution of acid-mobile Ca and Mg by K and carbon. Nitrate 635 leachates from the nutrient-rich soil clearly superseded the permissible limits for potable 636 water, whereas contents of B-Cr-Cu-Ni-Pb were without concern. Similarly, the respective 637 indicator values were touched for NH 4 -N in some cases, whereas the levels of Al, Fe, Mn and 638 Na were much lower. Differences have been shown both for column and for batch 639 experiments, though the mobile phases investigated in this work had been surely optimized 640 for K, and are not ideal for the speciation of Fe, Al and P. Microbial retention did not 641 compensate the saturation of adsorption sites. Table 10 . mg/l in the eluates from columns of original grassland soil after manure addition
Days ml Table 13 . mg/l in the eluates from columns of sludge-treated soil after addition of Fe-treated manure Days ml 
